A straightforward strategy is reported for chiral discrimination in a specified carotenoid using a CD band, which is insensitive to conformational changes, computed by quantum chemical calculation.
In this study, β-isocryptoxanthin (β,β-caroten-4-ol) (BICX2), which has an allylic hydroxy group at C-4 in the β-end group, was chosen as a simple carotenoid. β-Isocryptoxanthin is an intermediate in transformation from β-carotene to echinenone [2] . To investigate the conformation effects on CD spectra, we performed a time-dependent density functional theory (TD-DFT) calculation at the B3LYP/6-31G(d) level for the conformational analysis. By comparing simulated CD spectra with experimental ones, the assignment of the CD band was established. Separation of the two enantiomers of β-isocryptoxanthin from the racemate was achieved by HPLC on a chiral column after conversion to the corresponding monobenzoates (BICX3) [3a] . Here, the first and next eluted peaks are referred to as peaks 1 and 2, respectively. CD spectra for peaks 1 and 2 for BICX3 were measured ( Figure 2 ). In peaks 1 and 2, intense positive and NPC Natural Product Communications negative Cotton bands, respectively, at 230 nm were observed. Peaks 1 and 2 were assigned to be R and S, respectively, since the CD spectrum of the hydrolyzed product of peak 1 was similar to that of the synthetic
. CD spectra of βisocryptoxanthin (BICX2) were measured in cyclohexane at an ambient temperature (see Supplementary data) [3a] . Saponification of each separated monobenzoate (BICX3) gave optically pure BICX2R and BICX2S. Three CD bands were observed in the CD spectrum of BICX2R, whereas the spectrum of BICX3R is more complicated. The CD band around 230 nm observed for both BICX2 and BICX3 is presumed to be generated from the common electronic transition. The difference between the CD spectra of the two compounds, which is remarkable in the 245−400 nm wavelength region, may reflect the difference in the conformational equilibrium for BICX3 and BICX2. In this context, we presumed that the CD band near 230 nm is not affected by the conformational equilibrium.
For carotenoids with a β-end group, where the C-5,6 double bond in the cyclohexene ring is formally conjugated with a long polyene chain, both the planar conformations, 6-s-cis and 6-s-trans, are stabilized by the steric hindrance. The double bond in the ring is, therefore, not coplanar with the polyene chain, creating an intrinsically asymmetric chromophore. For such a carotenoid, a conformational analysis must be performed in order to analyze the CD spectra. In particular, the identification of dominant conformers in solution is very important to reproduce the CD spectra experimentally observed. As a general rule, the absolute configuration of a compound can only be determined from CD spectra if the conformation of the molecule is known, and vice versa. For the conformational analysis of carotenoids with a β-end group, the orientation of the ring with respect to the plane of the chain and the conformation of the ring itself must be taken into account. β-Isocryptoxanthin can be structurally classified as a monochiral compound with one chiral and one achiral end group. In this study, therefore, the following three types of conformers were considered: (1) rotational isomers near R1 and R2 caused by steric hindrance between the methyl and methine groups;
(2) stereoisomers based on rotation (R3) of the hydroxy group;
(3) conformational isomers of the cyclohexene rings based on puckering near P1 and P2. The R and P notations correspond to the rotation and puckering around the bonds indicated in Figure 3 , respectively. The number of possible conformers for BICX2R is 48 (4×3×4=48), while that for BICX3R is 32 (4×2×4=32).
It is of note that the number of stereoisomers based on rotation (R3) is two for the bulky benzoate group (BICX3R), but three for the hydroxyl group (BICX2R). The DFT calculation for BICX2R revealed that the difference in energy for the isomers in categories (1), (2), and (3) is within 0.3-0.7 kcal/mol, 0.3-1.2 kcal/mol, and 1.0-1.6 kcal/mol, respectively (see Supplementary data). To identify the conformers, threedigit numbers following the conformer name are used. The first digit is associated with category (1), and the second and third are concerned with categories (2) and (3), respectively. BICX2R-113 and BICX3R-111 are the most energetically stable structures at a B3LYP/6-31G (d) level. The optimized geometries are represented in Figure S2 in the Supplementary data.
By simulating CD spectra of BICX2R-113 and BICX3R-111 based on the TD-DFT calculation, it was found that the CD spectra simulated for the most stable conformers of BICX2R and BICX3R are similar to each other. That is to say that substitution of the benzoate group with a hydroxy group has little influence on the CD spectra. Therefore, we subsequently used BICX2R to investigate the conformation effects on the CD spectrum. First, a comparison for rotation (R3) of the hydroxy group was made in BICX2R. CD spectra of the three stereoisomers, including the most stable conformer, nearly overlap, as shown in Figure S4 in Supplementary data, indicating that CD of BICX2R is not affected by rotational isomerism of the hydroxy group. Next, the effects of puckering of the cyclohexene rings (P1 and P2) were examined. As shown in Figure  S5 in Supplementary data, the puckering effect on the CD signal is also minor. The above results clearly indicate that the conformational changes around the chiral center do not affect the CD spectra. Finally, we investigated the influence on CD spectra of rotational isomers around R1 and R2 and found that the conformational changes in category (1) have a significant effect on the CD spectra, as shown in Figure  S6 in Supplementary data. That is, the relative orientations of the two cyclohexene rings to the polyene chain, which are located the same distance from the molecular center, have a definitive influence on the CD spectra via a long π-conjugation. All the conformers showed a positive Cotton effect near 230 nm, except for BICX2R-413, which is the most unstable conformer among the four isomers optimized.
The CD spectra calculated for the conformers are not similar to that experimentally observed for BICX2R. In particular, the calculated spectrum for a single conformer cannot reproduce the relative intensity of the band at around 230 nm. Therefore, we estimated an average CD spectrum for BICX2R based on the Boltzmann distribution. Figure 4 shows the Boltzmannweighted CD spectrum estimated using the calculated energies for the stereoisomers. In the figure it can be seen that the relative CD intensity around 230 nm of the calculated spectrum became closer to the observed one than that of the most stable isomer (BICX2R-113). From the similarity between the Boltzmann-weighted and observed spectra, the estimation of absolute configuration due to the synthetic method was validated, as previously mentioned. It should be noted that the intensities of the two CD bands around 280 nm and 320 nm are somewhat larger than the observed one. CD bands located in the 270-400 nm region for BICX2R-113 and BICX2R-413 may overlap, having similar intensities, but different signs, so that the averaged intensities should be reduced (see Figure S6 in Supplementary data). As mentioned above, the difference between the CD spectra of BICX3 and BICX2 was found in the 245−400 nm wavelength region. Conformational analysis on BICX2R suggests that the difference between the CD spectra of BICX2R and BICX3R in the longer-wavelength region can mainly be explained by the different populations of conformational isomers in the solutions.
The following points were clarified by TD-DFT calculations: 1) the effect of conformation on the CD spectrum of BICX2R decreases in the order of R1, R2>>P1, P2>R3; 2) the difference between the observed CD spectra of BICX2R and BICX3R is ascribed to the different conformational equilibrium between the two compounds; and 3) an intense positive CD band around 230 nm can be used as a marker band for determining the absolute configuration of chiral terpenoids similar to β-isocryptoxanthin due to the insensitivity to conformational changes.
In this paper, we have demonstrated a straightforward strategy for the assignment of chirality in a specified carotenoid using a CD band insensitive to conformational changes. This protocol may be applicable to the estimation of the absolute configuration of a number of natural carotenoids.
Experimental
General: HPLC, was carried out using a Shimadzu LC-6AD pump and Shimadzu SPD-6AV spectrophotometer set at 450 nm. A 250 mm x 4.6 mm I.D. stainless-steel column packed with Chiralcel OD [cellulose tris (3,5dimethylphenylcarbamate) coated on silica gel; Daicel Chemical Industries, Tokyo, Japan] was used. EI-MS, Hitachi M-80 mass spectrometer; (+)-FAB-MS, JEOL JMS-HX 110A mass spectrometer; 1 H NMR, Varian UNITY INOVA 500 spectrometer; CD, Jasco J-720 C spectropolarimeter; UV-VIS, Shimadzu UV 240 spectrophotometer; UV-VIS spectra were obtained by HT-OD transformation of the corresponding CD spectral data for (4R)-and (4S)-β-isocryptoxanthin benzoates; PTLC was performed with pre-coated silica gel plates (Merck 60 F 254 , 0.5 mm thickness); Analytical TLC, Merck silica gel plates with QF-254 indicator and compounds were monitored under UV light (254 nm), then developed by spraying with 10% H 2 SO 4 and/or 5% phosphomolybdyic acid ethanol solution and heating until coloration took place.
Preparation of racemic β-isocryptoxanthin from echinenone: NaBH 4 (7 mg, 0.185 mmole) was added to a solution of echinenone (β,β-caroten-4-one) (2 mg, 0.00363 mmole) in MeOH (20 mL) and the whole solution was stirred at 20˚C for 30 min. The reaction mixture was poured into water (20 mL), extracted with diethyl ether-n-hexane (1:1, 30 mL x 2), and dried over anhydrous magnesium sulfate. After removal of solvent in vacuo, the crude mixture was purified by preparative HPLC on a silica gel column with acetone-n-hexane (1:4) to give β-isocryptoxanthin (1.8 mg, 0.00327 mmole) in 90% yield.
Preparation of benzoates of β-isocryptoxanthin and separation of racemic β-isocryptoxanthin benzoate into (4R)-and (4S)-β-isocryptoxanthin benzoates:
Preparation of benzoates of this carotenoid was carried out by the method described previously [3c,3d] . The separation of the two enantiomers of racemic βisocryptoxanthin benzoate was achieved by HPLC on a Chiralcel OD column (250 mm x 4.6 mm I.D.) with n-hexane-ethanol-N,N-diisopropylethylamine (100:0.2: 0.05) (flow rate: 0.5 mL/min.; detection: 450 nm).
(4R)-β-Isocryptoxanthin benzoate UV/VIS λ max (diethyl ether) nm: 195.5 (ε/dm 3 mol -1 cm -1 47,600), 229.6 (16,900), 277.0 (16,700), 425.8 (63,000), 454.8 (93,700), 482.9 (80,800). 1 
